Autophagy is known to be a vital homeostatic defense process that controls mycobacterial infection. However, the relationship between autophagy response and the virulence of Mycobacterium abscessus strain UC22 has not been reported. Here, we demonstrate that M. abscessus induces autophagy and inhibits autophagy flux in murine macrophages. Further, the rough variant of M. abscessus, UC22 that is a highly virulent clinical isolate, significantly inhibited autophagic flux than the smooth variant of M. abscessus ATCC 19977. In addition, it was noticed that the intracellular survival of UC22 is significantly enhanced by blocking the autophagosome-lysosome fusion in macrophages compared to the smooth variant. However, Mycobacterium smegmatis did not block autophagy flux in murine macrophages. Besides, we confirmed that the lipid components of M. abscessus UC22 play a role in autophagosome formation. These data suggest that the virulent M. abscessus might be able to survive and grow within autophagosomes by preventing the autophagosome-lysosome fusion and their clearance from the cells.
INTRODUCTION
Mycobacterium abscessus is the most common etiological agent of lung disease caused by rapidly growing non-tuberculous Mycobacteria (NTM; Griffith et al. 2007; Daley and Griffith 2010; Griffith and Aksamit 2012; Nessar et al. 2012) . The increased clinical prevalence of M. abscessus is a matter of concern because of its high virulence and antibiotic resistance (Greendyke and Byrd 2008) . The virulence factors of M. abscessus that are responsible for the severity of the disease are unclear.
Mycobacterium abscessus displays two distinct morphotypes on solid media: a rough (R) variant; non-motile and non-biofilmforming and a smooth (S) variant; motile and biofilm-forming. The major difference between these two strains is that the S variant expresses glycopeptidolipids (GPLs) but not the R variant (Howard et al. 2006) . GPLs are surface glycolipids produced by several NTMs including M. abscessus, Mycobacterium chelonae, Mycobacterium smegmatis and Mycobacterium avium (Brennan and Goren 1979; Tsang et al. 1984; Brennan 1988) . The lack of GPLs at the mycobacterial surface is often associated with rough colony morphology in M. smegmatis and M. avium mutants as well (Belisle et al. 1993; Etienne et al. 2002) . It has been reported that the colony morphotype contributes to disease severity as the R type causes more severe infections in mice Rottman et al. 2007) . We also previously reported that a rough type of M. abscessus (UC22), isolated from patients with upper lobe fibrocavity form of pulmonary disease, induced severe lung inflammation in mice and increased production of cytokines in macrophages (Sohn et al. 2009 ). The expression of GPL facilitates M. abscessus colonization but masks the underlying bioactive cell wall lipids involved in virulence (Rhoades et al. 2009 ). The ability of M. abscessus to transform between R and S morphotypes may have particular relevance in lung infection. It has been proposed that the S type initially colonizes the airways, with subsequent transition to R type leading to more severe disease (Howard et al. 2006) . However, the triggers for the M. abscessus morphotype switching in vivo and the reason for the difference in virulence of two types remain largely unknown.
Autophagy is a vital catabolic process to recycle nutrients, remodel and dispose unwanted cytoplasmic constituents and is triggered by starvation and other cellular stresses (Monastyrska and Klionsky 2006; Deretic 2010; Moreau, Luo and Rubinsztein 2010) . In addition to its role in maintaining normal cellular homeostasis, autophagy plays an essential role in innate and adaptive immune responses (Levine and Deretic 2007) . It has been reported that autophagy is a significant defense mechanism against several intracellular pathogens such as Mycobacterium tuberculosis (Gutierrez et al. 2004) . However, some intracellular pathogens including Legionella pneumophila and Coxiella burnetii have also evolved strategies to exploit or subvert autophagy (Campoy and Colombo 2009) . Recently, it has been reported that the R-type M. abscessus induces stronger autophagy than the S variant, suggesting the importance of the surfaceexposed GPL in the inhibition of autophagy of the S variant (Roux et al. 2016) . In addition, the S and R variants were present in morphologically distinct phagosomes. However, the mechanisms by which the S and R variants induce distinct autophagosome formation remain obscure. Moreover, the pathogenic role of autophagy during M. abscessus infection and the molecular recognition of M. abscessus by the autophagic machinery is yet to be investigated. In this study, we demonstrate the general phenomenon of M. abscessus infection-induced autophagy and showcase the difference in autophagic response and intracellular survival of the highly virulent clinical isolate, UC22 in murine macrophages. To the best of our knowledge, this work is the first one to investigate the discrete molecular recognition of the autophagic process during M. abscessus infection and the dissimilar fate of M. abscessus strains (including the clinical isolate) inside macrophages. We provide compelling evidence that, at the cellular level, UC22 induces elevated autophagy response and in turn inhibits the fusion of autophagosomes with lysosomes thereby increasing intracellular survival.
MATERIALS AND METHODS

Reagents, antibodies and transfection
Recombinant mouse macrophage colony stimulating factor (M-CSF) was obtained from R&D systems (Minneapolis, MN, USA 
Immunoblotting
Cells were harvested and the cellular proteins were extracted with RIPA (RadioimmunoPrecipitation assay) buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na 2 EDTA (ethylenediaminetetraacetic acid), 1 mM EGTA (ethylene glycol bis(β-aminoethylether)-N,N,N ,N ,-tetraacetic acid), 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM Na 3 VO 4 ) with protease inhibitors (Sigma-Aldrich, St. Louis MO, USA). Proteins were resolved by 12% SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) and electrotransferred onto polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). After blocking with 5% skim milk, membranes were incubated overnight with primary antibody at 4 • C, followed by incubation with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. Immunoreactivity was subsequently visualized using enhanced-chemiluminescence system (GE Healthcare, Little Chalfont, UK).
Confocal microscopy
Cells were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.1% Triton X-100 for 10 min, blocked with 3% bovine serum albumin in PBS containing 0.1% Tween-20 for 1 h and stained with primary antibody overnight and secondary antibody for 1 h. DAPI (4 , 6-diamidino-2-phenylindole) staining was performed for 10 min at room temperature. The cellular distribution of proteins was observed under a confocal fluorescence microscope, LSM510 META (Carl Zeiss, Jena, Germany).
Isolation of total lipids from Mycobacteria
Mycobacterial cell pellets were sequentially extracted with chloroform:methanol (2:1, v/v) with sonication and centrifugation steps in between each extraction (Folch, Lees and Sloane Stanley 1957) . The lower organic phase containing lipid material was dried at 65
• C and resuspended in deionized water for further analysis.
Intracellular survival assay
Cells were infected with Mycobacteria at a multiplicity of infection (MOI) of 1 for 2 h at 37
• C with 5% CO 2 followed by washing with PBS, and then kanamycin (34 μg/ml) treatment for 2 h to kill the extracellular Mycobacteria. After incubation for 24 h in fresh medium, the cells were lysed in sterile distilled water and CFUs were determined by plating in serial dilutions onto 7H10 agar.
Autophagy analysis
Autophagosome formation was measured as described previously (Yuk et al. 2009 ) by LC3 punctate staining followed by counting the number of LC3 punctate dots in infected cells. Endogenous LC3 conjugation and autophagic flux were evaluated by western blot analysis using antibodies against LC3-I/II, p62 and Atg5.
Statistical analysis
All experiments were performed at least three times and the statistical significance was determined using unpaired Student's t-tests or one-way ANOVA (Analysis of Variance) followed by Tukey's multiple comparison test using GraphPad Prism version 4.03 (GraphPad Software Inc., La Jolla, CA, USA). A level of * P < 0.05, * * P < 0.01 and * * * P < 0.001 was considered statistically significant. Data were expressed as mean ± SD.
RESULTS
Clinical Mycobacterium abscessus strain induces higher level of autophagic response in murine macrophages
The expression level of the general autophagosome marker LC3-I/II was used to examine autophagy induction by Mycobacterium abscessus ATCC (S variant) and UC22 (R variant). Mycobacterium smegmatis was used as a control strain for rapidly growing Mycobacteria. As shown in Fig. 1A , UC22 exhibited consistently strong autophagy response, as measured by an increase in endogenous LC3-II protein in RAW cells and primary BMDMs. In contrast, ATCC and M. smegmatis induced comparatively lower levels of LC3-II in the cells. As the LC3 protein is specifically associated with autophagosomes, the endogenous LC3-positive vesicles reflecting autophagosomes were monitored by immunofluorescence staining (Tanida, Ueno and Kominami 2008) . Infection with UC22 gave rise to large and numerous puncta while that with ATCC and M. smegmatis yielded weaker responses in RAW cells and BMDMs (Fig. 1B) . These results suggest that virulent M. abscessus UC22 induces excessive autophagy than ATCC strain and M. smegmatis.
Clinical Mycobacterium abscessus strain inhibits autophagy flux in murine macrophages
To demonstrate whether the autophagy induction is time dependent, the production of LC3-I/II in BMDMs infected with mycobacterial strains was monitored over a period of time after infection. The data show a time-dependent increase in LC3-II formation following M. abscessus infection, with a significant difference between UC22 and ATCC at 24-h post infection. However, LC3-II formation in M. smegmatis-infected cells peaked at 24-h post infection and then decreased later on ( Fig. 2A) . We further analyzed the correlation between MOI and autophagy induction and noticed that autophagy induction raises with increase in MOI for M. abscessus (Fig. 2B) . Moreover, autophagy induced by UC22 at MOI 1 was higher than that by ATCC at MOI 10. In contrast, the autophagy induction in M. smegmatis-infected cells was decreased in a dose-dependent manner. p62 is another frequently used autophagy marker that is degraded through the autophagy-lysosomal pathway (Bjorkoy et al. 2005; Pankiv et al. 2007; Ichimura et al. 2008 ). Since p62 is localized to the autophagosome via LC3-interaction and is constantly degraded during autophagy, breakdown of p62 is generally considered as a marker of autophagy flux (Moscat and Diaz-Meco 2009 ). We measured the expression level of p62 in infected BMDMs by immunoblot analysis and observed higher accumulation of p62 in UC22-infected cells compared to ATCC or M. smegmatis-infected cells (Fig. 2C) . The decreased level of p62 in M. smegmatis and ATCC-infected cells indicates the degradation of p62 through the autophagy-lysosomal pathway. In addition, we checked the p62 accumulation in infected cells after blocking LC3-II production by transfecting cells with siAtg5 before infection and noticed that inhibition of LC3-II conversion leads to inhibition of autophagic system and increased accumulation of p62. The data suggest that UC22 induces autophagy and inhibits autophagy flux in murine macrophages.
Clinical Mycobacterium abscessus strain UC22 inhibits autophagosome-lysosome fusion and increases intracellular survival
It is known that the final stage of autophagosome maturation is typically characterized by the loss of late endosomal markers and fusion with lysosomes (Watson, Manzanillo and Cox 2012 Figs 3E and S1 , Supporting Information). These results indicate that UC22 blocks autophagic degradation thereby increases intracellular survival. Therefore, we further determined the intracellular survival rate of mycobacterial strains. First of all, we confirmed that there is no difference in the cellular uptake among bacterial strains at 2 h incubation (data not shown). It has been noticed that the intracellular growth of UC22 was increased in BMDMs compared to the rest of the strains (Fig. 3F) . Interestingly, the intracellular survival of UC22 was enhanced by the autophagy inducer, rapamycin as well (data not shown). In addition, we checked the intracellular survival of M. abscessus strains after blocking the autophagy pathway by treating cells with 3-MA (inhibits early phase of autophagy) or BafA1 (inhibits fusion between autophagosomes and lysosomes). The survival rate of both ATCC and UC22 was reduced in cells treated with 3-MA indicating that autophagy is required for the intracellular survival of M. abscessus (Fig. 3F) . However, there was no difference in the survival rate of ATCC and UC22 in cells treated with BafA1 compared to the untreated samples pointing that the intracellular survival rate of M. abscessus strains is dependent on the inhibition of autophagy flux. This reveals the fact that the M. abscessus strains themselves blocked the autophagy flux in the untreated samples leading to increased intracellular survival. Interestingly, M. smegmatis displayed increased survival when the autophagy system was blocked by treating the cells with 3-MA. This indicates that autophagy plays a vital role in the effective clearance of M. smegmatis from infected macrophages that is evidenced by the increased co-localization of LC3 and lysosomal markers (Fig. 3B-D) . In addition, we determined the LC3 accumulation in Mycobacterium-infected cells treated with 3-MA or BafA1 (Fig. 3G ). All the strains displayed decreased LC3 formation when treated with 3-MA compared to the untreated samples. However, there was increased accumulation of LC3 in cells treated with BafA-1 in the case of ATCC and UC22. Altogether, our data suggest that autophagy is positively associated with the intracellular survival of UC22, and this strain induces autophagosome formation and in turn inhibits autophagy flux thereby preventing the clearance of UC22 from murine macrophages.
Lipid components of clinical Mycobacterium abscessus strain UC22 stimulates high level of autophagy
Given that UC22 infection induced potent autophagy response, we questioned whether the mycobacterial macromolecules, especially the lipid material has the ability to induce autophagy. Total cell wall lipids extracted from M. abscessus and M. smegmatis strains could induce LC3 puncta formation (Fig. 4A) . Lipids isolated from UC22 induced high level of autophagy compared to those from ATCC and M. smegmatis. Next, we confirmed the level of autophagosomal membrane-associated fraction of LC3-II by immunoblot analysis, and the endogenous LC3-II protein level was significantly high in UC22 lipid-treated cells compared to that in ATCC and M. smegmatis lipids-treated cells (Fig. 4B) . It can be suggested that the autophagy-modulating components of M. abscessus might be contained in the cell wall lipids.
DISCUSSION
Recently, it was reported that Mycobacterium smegmatis, the rapidly growing mycobacterium, exhibits strong autophagy response, and this response varies well with mycobacterial strains (Zullo and Lee 2012) . In the current work, we describe the autophagy response induced by Mycobacterium abscessus strains taking M. smegmatis as the positive control, and the data reveal that the R variant (UC22) stimulates strong autophagy response while the S type (ATCC 19977) displays only weak autophagy response. This provides an interesting link between colony morphology and virulence as rough morphotype is generally more virulent than the smooth morphotype (Howard, et al. 2006) . The observation that M. smegmatis exhibits lower level of autophagy induction with increasing MOI and incubation period post-infection is in accordance with the previous reports where M. smegmatis induced significant apoptosis in differentiated human THP-1 cells 24 h post-infection BMDMs were cultured in the presence of mycobacterial lipids (10 μg/ml), immunolabeled with anti-LC3 antibody (red) and imaged by confocal microscopy and estimated the average LC3 puncta per cell using Image J (lower panel). DNA was visualized with DAPI (blue). Scale bar: 5 μm. (B) BMDMs were treated with mycobacterial lipids and analyzed 24 h post-treatment for the expression of LC3 by immunoblotting with anti-LC3 antibody. The ratio of LC3-II/β-actin for each sample after subtracting that for untreated sample is also shown in the corresponding lower panel. UN, untreated; ATCC, M. abscessus ATCC 19977; M.smeg, M. smegmatis and n.s, not significant. * P < 0.05; * * P < 0.005; * * * P < 0.001. (Velmurugan et al. 2007; Bohsali et al. 2010) . It has been reported that autophagosome-associated protein, LC3, is associated with Mycobacterium tuberculosis compartment via an ubiquitin-and p62-dependent mechanism (Watson, Manzanillo and Cox 2012) . Moreover, p62 is essential for autophagic elimination of Mycobacteria, even though it does not play a role in lysosomal maturation of mycobacterial phagosomes (Ponpuak et al. 2010) . As p62 is degraded along with LC3 through the autophagy-lysosomal pathway, it is considered as a negative marker for autophagic flux (Moscat and Diaz-Meco 2009) . Accordingly, the enhanced p62 level in UC22 indicates that high autophagy induction did not lead to increased lysosomal degradation and elimination of bacteria.
The induction of autophagy in Mycobacterium bovis bacillus Calmette-Guérin-and M. tuberculosis-infected macrophages via starvation or treatment with the drug rapamycin contributed to significant killing of intracellular bacteria (Gutierrez et al. 2004) . Recently, it was reported that rapamycin-induced autophagy reduced mycobacterial killing in M. smegmatis-infected macrophages (Zullo and Lee 2012) . Thus, the autophagy system recognizes the intracellular Mycobacteria in various ways, leading to different fate of Mycobacteria in host cells. However, relatively little is known about the role of autophagy during M. abscessus infection. We found significant induction of autophagy by UC22 and enhanced-intracellular growth in macrophages compared to that by M. smegmatis. It was known antecedently that the virulent Brucella abortus prevented lysosome-phagosome fusion and were found distributed within autophagosomes (Pizarro-Cerda et al. 1998) . The high virulence of UC22 could be accounted for by this increased autophagy induction and intracellular survival, which suggests promising connections between virulence, autophagy and intracellular survival.
The observation that the lipid material from different mycobacterial strains induces dissimilar levels of autophagy indicates the involvement of additional factors in the autophagy response to intact pathogens. Lipids are major structural component of the cell wall of Mycobacteria (Rao et al. 2005) and stimulate autophagy response (Zullo and Lee 2012) . Recently, it has been reported that autophagy is involved in the clearance of lipid droplets, thus regulating lipid metabolism in host cells (Saitoh and Akira 2010) . The surface-exposed lipids of Mycobacteria vary by species (Ortalo-Magné et al. 1996) and play an important role in the pathogenesis of M. tuberculosis (Forrellad et al. 2013) . These lipids are documented to be important virulence factors of Mycobacteria, and the mechanisms by which they play relevant roles during infection are diverse. Thus, it is possible that lipids capable of inducing autophagy are more exposed on UC22, thereby permitting greater response to be observed while using intact Mycobacteria. It has been reported previously that phosphatidyl-myo-inositol mannosides (PIMs), one of the mannose-containing bioactive cell-wall lipids in the M. tuberculosis cell wall, are involved in intracellular trafficking of this pathogen (Chua et al. 2004) . Identical PIMs have been reported in M. abscessus (Rhoades, et al. 2009 ) and they stimulate macrophage TNFα release in the R variants (Nessar et al. 2011) . The PIMs in the S type are masked by GPL in the outermost cell wall (Rhoades, et al. 2009 ), thus preventing their interaction with the macrophages. In addition to PIMs, M. abscessus possesses several orthologues of genes involved in the synthesis of other related glycolipids such as lipomannan and mannosecapped lipoarabinomannan that are reported to play roles in M. tuberculosis pathogenesis (Schlesinger, Hull and Kaufman 1994; Torrelles, Azad and Schlesinger 2006; Kaur et al. 2007; Scherman et al. 2009; Driessen et al. 2010) . Further work testing fractionated lipids of M. abscessus will help in comparing specific classes of lipids with respect to autophagy induction. In addition, it can be suggested that the inhibitory mechanisms present in the S-type strain might reduce the autophagy response to mycobacterial lipid components.
It has been reported previously that some pathogens promote their entry into the autophagic pathway by enhancing the autophagic response (Dorn, Dunn and Progulske-Fox 2002) . Once inside the cells, the pathogens survive and thrive within the replicating vacuoles that resemble late autophagosomes by preventing the fusion events required for their maturation. In contrast, it has been revealed that the GPL in the S type inhibits autophagy (Roux, et al. 2016) , and this leads to the assumption that more of the S-type-containing early phagosomes might be undergoing maturation and eventually fusing with the lysosomes while the R-type phagosomes enter the autophagy system. The R-type phagosomes contain multiple bacteria compared to the S type ones as R type usually forms chains or large clumps during infection (Roux, et al. 2016) . In addition, the R type displays increased replication capacity at the cellular level (Bernut et al. 2014) , and thus there is an interesting possibility that the R type (UC22) might be thriving inside the replicating vacuoles by preventing autophagosome-lysosome fusion that is evidenced by the reduced co-localization of LC3 and lysosomal markers in infected macrophages. Moreover, the data from the current study point out that autophagy plays a crucial role in the intracellular survival of UC22 as the survival rate was decreased when the autophagy system was blocked. However, further studies are ongoing in order to understand the exact mechanisms by which UC22 exhibits elevated autophagy response and intracellular survival.
In this study, we have scrutinized the autophagy response in M. abscessus strains without the added influence of inducing agents and determined for the first time that the virulent strain displays enhanced autophagy and intracellular survival. Also, we confirmed that the lipid material acts as an important virulence factor inducing autophagy. Additional studies that attempt to simulate natural conditions of infection would be utile to further examine the interactions between Mycobacteria and specific macromolecules with the host autophagy machinery. Understanding such interactions will help in developing new strategies to block mycobacterial activity and consequently improving immune responses.
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